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Analysis of the Mechanics of

IMF Perforation of Projectiles in Metallic Plates

, r by

J. Awerbucht and S.R. Bodner2

Abstract

A mathematical model has been developed to describe the mechanism of

normal nerforation of projectiles in metallic targets. The perforation process

is ccnsidered to be divided into three interconnected stages. The analysis

accounts for an cffcctive mass of the bullet due to part of the target material

moving with the bullet, the deformation of the bullet during penetration, and

the increased strength of the target material at high rates of loading. The

analysis enables the residual velocity to be calculated as a function of the

target thickness and its mechanical and physical properties, and of the mass,

geometry and impact velocity of the projectile. The geometry of the cavity,

i.e. entrance and exit diameters and plug thickness, are factors in the

analysis and are empirical quantities. The present theory can also predict

the force-tIme curwv and the contact time for the perforation process.

1Lecturer, Department of Materials Engineering,

Technion - Israel Institute of Technolog'.

2.I
Professor, Department of Materials EngincerinR,
Technion - Israel Institute of Technology.

1=g



Notation

A - projection of nose of projectile on the target plate

AI - cross sectional area of the cavity in the first stage

A2 - cross sectional area of the cavity in the second stage

A - cylindrical surface area of plug

b - plug length

DI - diameter of the cavity in the first stage of the perforation process
(considered equal to entrance diameter)

D2 - diameter of the cavity in the second stage of the perforation process

(diameter of plug)

r3 - exit diameter

e - radial width of shear zone of the target plate

F - resultant force on effective mass of projectile

F.-. inertial forceI

Fc - compressive force

Fs - shearing force 11
F1 , F2 , F3 - total forces acting on the combined projecLile and effective

added mass during the different stages of the perforation process

F F F inertial, compressive and shearing forces acting on the
projectile during the second stage

- thickness of target plate

K numerical constant depending on the shape of the projectile nose

m - instantneous mass of projectile

m- original mass of projectile

Ii I'4
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~Notation icont'd)

m- projectile's mass at the end of the first stage

M 2 - projectile's mass at the end of the sccond stage

t - time

t1, t2 , t 3 - duration times for the different stages of perfordtion

tf - total time for the perforation process

V - instantaneous velocity

V. - impact velocity

Vf - final velocity

V1' V2' V3 projectile's velocity during the different stages of the
perforation process

92 " velocity at end oF second stage

3 - velocity at end of third stage, equal to Vf

x - penetration depth of the projectile and effective added mass

o - semi apex of conical nose of projectile

Yf - dynamic ultimate shear strain

- shear strain rate

p - density of target material

Sii - coefficient of viscosity for shearing deformation

-c dynamic ultimate compressive stress

- dynamic ultimate shear stress

- displacement of combined projectile and plug during third stage

I-I



Introduction VA

Perforation of a target plate due to the impact of a projectile may

occur by a number of mechanisms such as petal formation (or dishing), ductile

hole enlargement, plug formation, and the fragmentation (scabbing) of the

target material (as shown schematically by Goldsmith [1]). Various theories

have been proposed to explain the resistance of metallic plates to projectile

penetration. Due to the complexity of the problem, the suggested analytical

models are generally simplified by some basic assumptions ano appi, ~matlons.

The two main approaches that have been used to analyze this problem are

those of energy balance and of conservation of momentum. The energy balance

method was applied by Taylor [2] who studied the enlargement of a circular

hole by a conical head projectile perforating a thin plate and derived an

expression for the total work required for plastic deformation. Thomson [3],

also using the energy method, derived equations for the energy dissipation

due to plastic deformation, heating, and inertial resistance of the target

material. A similar approach was proposed by Brown [4] to evaluate the

energy dissipated during the process of bullet containment in thin plates,

A different approach for the case of perforation of thin plates was

proposed by Zaid & Paul (S,61. Their method is based on momentun balance

for the target-projectile system which requires that the terminal shape of

the perforated plate be specified. A similar procedure was used by

Nishiwaki [7] who proposed a theory for the perforation of thick plates

based upon data derived from static tests.

Investlgations on plug formation during perforation were made, among j
I
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others, by Recht & Irson 181 who dealt with the case of high velocity im-

pact. Recht & Ipson 18] developed an energy unallysis for the case of the

plug mode of failure from which the residual velocity could be calculated

provided the minimum perforation velocity is known.

Most proposed analyses are restricted to the case of high velocity

impact in order to justify a number of assumptions 3u.:h as a constant velocity

during the perforation of thin plates, the absence of plastic deformation

beyond the immediate -one surrounding the hole, and a constant pressure on

the projectile. These analyses are also restricted to the case for which I
the projcctile is nut deformed during the perforation process and are gene-

rally based upon only one of' the possible mechanisms of perforation. Actual

perforation of a target plate, however. may ocC1r by 2 C-bir-.-ation of Lwu or

more mechanisms. For example, the thickness of the sheared plug is generally

smallcr thai, the target thickness and the plugging process commpnces only

after the projectile is embedded some distance in the target plate. For this

reason an approach babed on a single deformation mechanism would not he

applicable for the case of projectile impact at ordnance velocities. In

fact, the residual velocities derived from those theories based on a single

mechanism are generally higher than the experimental results, e.g. [9].

The present investigation is an analysis of the perforation process

considering various deformation mechanisms to be actinp at different stages

of the process In this manner the various types of deformations could be

considered in an overall manner and the analysis would be more representative

of the actual circumstances. A preliminary study of this nature was perform-

ed by Awerbuch t101 and expanded upon by Gildbmith and Finnig;n (11]. The

i
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present papei is a further development of those investigations and resolves

a number of limitations. The perforation process is considered to consist

of three interconnected stages. The present analysis enables fairly

accurate predictions of post perforation velocities, contact times, and force- -

time histories. The analysis still relies on a few empirical quantities

which can be detcrmirncd from P small ntuber of tests. Once these are dcter-

mined for a given projectile and target material, predictions can be obiain-

ed over a wide range of projectile velocities and target thicknesses.

I
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Prelimi nary, isciis.s ion [ ,1;III~i-

A relatively simple model to describe the mechaiism of penetration arid

perforation of projectiles in metallic plates was presented in an earlier

paper [10]. In that formulation, the pcrforation process was divided into

two stages. The first was the cimpressive stage in which the forces acting

on the projectile were an itic tial force and a compressive force, and the

second stage was that of plug formation and ejection.

The inertial force in the first stage is due to the aLceleration of the

mass of the target material in contact with the projertile in the direction 4

of motion. The expression for this force component is obtained by txquating,]

the wOrK .one bY the inertial force atiig on the projectile to the change

of kinetic energy of the displaced target material. The compressive force

also acting on the projectile is due to the compressive strength of the tar-

get material in contact with -he projectile. Another basic assumption for ,

this stage is that mass from the target material is added to the proi-.Li1e

during the penetration process.

The second and final stage, according to the preliminary analysis,

starts when the ejected plug is set into motion as a rigid body. In this

Stae, the Inortiai fui.e and the compressive force do not act on the pro-

jectile and the mass of the projectile does not change. The only force, I

therefore, during this stage is that due to the shearing of the ejected

plug from the target plate which wus assumed to be corista.t.

Final velocities of projectiles computed according to this preliminary

i -~
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model were compared to experimental final velocities and reasonably good

agrtement was obtained when the mechanical strength properties were raised

in an arbitrary manner to account for the high rate of straining. The

comparison has carried out for the case of 0.22 inch caliber lead bullet

having a muzzle velocity of 400 m/sec and target plates of conunercially pure

aluminum, aluminum alloy, and miid steel of 1-6 mm thickness.

The results of an extensive series of ballistic expe, iments have been

reported by Goldsmith and Finnigan 111j. Hard steel spheres of 0.125 to

0.5 inch diameter impacted and perforated 0.0S to 0.25 inch thick 2024

aluminum and SAE 1020 and 4130 steel alloy plates at impact velocities of

500 to 8800 ft/sec. Comparisons were made of the experimental final velocities

to those calculated on thc basis of the preliminary model [101 and to a

slightly modified fcrm of it developed in [111. The principal modification

was that the shearing force in the second stage of the perforation process

was taken to be proport I to the length cf the plug still in contact

with the target plate r r than a constant. Comparison of the final velo-

city obt~rned wirh thib modification to that obtained experimentally showed

slightly better agrecm2nt.

The ex-perimental resuits of [IllJ and those of an extensive experimental

progr;:'r rcccntily uonducted jiSJ have indicated that the preliminary model

developed in [10] is incomplete on some important points. These are:

(1) The final velocities of projectile computed from the model are

not in good agrcerent with experimental final velocities for the cases of

high velocity piojectiles and iti perforation of thick plates.

LI



6-

(X) The preliminary model does not predict an important eyperi-

mental observation, namely, that the difference between the initial and

final velocities decreases for initial velocities slightly greater than

the ballistic limit.

(3) The force-time curve obtained from this model is not fully real-

istic.

In order to overcome these limitations of the preliminary model, a more

detailed analysis has been developed in which the perforation process was

considered to consist of three separate but interconnected stages. The

observations and results of an extensive experimental program served to

notivatc c~rtan assumptions of the analysis. Those experimental results

and comparisons with predictions bi.sed on the present analysis are presented

in an associated pzper [15).

I
I
I
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Analysis

One principal mechanism of the plate perforation process is plug

formation and ejection. When the thickness of the sheared plug, b, is equal

to zero, there is no punching and the mechanism of failure is considered to

be the ductile type. When the plug's thickness is equal to the thickness

of the target plate, h, perforation is completely by plug formation. However,

the mechanism of perforation is usually a combination of the two processes

with a transition stage between them. The ratio of the plug to plate thick-

nesses b/h depends primarily on the mechanical and physical properties of

the projectile and target materials.

In the first stage of penetration, ig. la, shearing does not occur so

this stage is identical to that described in the preliminary analysis [10].

The only forces acting on the projectile are the inertial force and the

compressive force.

The second stage of penetration, Fig. lb, is the onset of shearing of

a plug from the target plate. In this stage of incipient plugging, three

forces are considered to act on the projectile: an inertial force and a

compressive force (as formulated in the first stege), and a shearing force.

'The shearing fure 15 due to the motion relative to the target plate of

target material which is accelerated by the projectile during this stage.

The change of the effective mass of the projectile, due to the addition of

target material moving with it, is considered in this stage as well as in

the first stage This stage ends when the p)lug is completely joined to the

projectile and both are moving at the same Nclocity, Fig. ic.

I
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The third stage, Fig. Id, starts when the ejected plug and the pro.-

jectile are moving together as a rigid body. The only force during this

stage i! the shearing force w',ich acts on the plug's circumference and along

its whole length. The viscous nature of this shearing force at high rates

of straining is consideied.

Since the time of contact between the projectile and ,,Ie t.r~et is very

short (the time duration is about 10-30 usec for the case of a 0.22 inch

caliber lead bullet moving at a velocity of 400 m/sec), the heat generated

at the projectila - target plate interface does not dissipate. A very thin

film of liquid is produced between the projectile and the target plate.

The coefficient of friction between the two bodies is therefore very small

so the frictional forces can be negiected. This conclusion has been made j
by Krafft [12) and by other investigators.

The equatior of motion for the perforation process in the direction of

motion is

~d
d (mV) -F (1)

where F is the resultant force acting on the projectile, m is the instanta-

neous mass of the projectile, and V is the instantaneous velocity of the

projectile in the medium.

In general, the force F is the resultant of three main components; F

the inertial force of the target material, F the compressive force, and

Fs the shearing firce- Therefore,

. i[
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d
(mV) c - (F +F +) (2)

2. c S~

The particle velocity due to elastic stress wave propagation in he

target is neglected in this analysis. This particle velocity, for example,

would be of the order of 1 m/sec for a 0.22 inch caliber lead bullet moving

at a velocity of 400 m/sec, e.g. Davies (131. The effect 3f the propagation

of the plastic stress v'ave is also neglected since it can be assumed that

its velocity would be smaller than the velocity of the projectile for most

target materials.

The projectile therefore transmits kinetic energy only to 'he mass it

displaces. It is assumed that the element of mass of the target material ji

in contact with the projectile is set into moticn Oille the remainder of

the target material remains at rest. Each mass element is considered to

move normal to the surface of the nose of the projectile. This is possible

on the basis that the target material is compressible.

Another related assumption is that the effective mass of the projectile

increases during the penetration process due to addition of the target

material displaced in the direction of motion. Part of the kinetic energy

imparted to the added mass by the projectile remains stored in the combined

effective mass of the projectile while the remainder is converted to plastic

deformation and heat.

In the first stage cf the penetration process, only the inertial

and compressive forces are considered to act on the projectile. The iner-

tial force is not distributed uniformly on the projectile's nose surface



but depends on the shape of the nose. Equating the work done by the

reaction of the inertial force on the target material to the change of

the kinetic energy of the displaced material (neglecting the work done in

changing the volume of a mass element due to its compressibility) leads to

d x 1 2 { .)
dFind n 2  3n

where dFin is the normal inertial force acting on an element area dAn of

the projectile, dxn is the displacement of a mass element of the target

material normal to the projectile surface, and V is the velocity of a
n

mass element in a direction normal to the projectile surface.

According to the above assumptions, the mass element dm of the target

material of density p which is displaced by the projectile as it advances

dx would be

dm- pdx dA (4)~n n

Substituting Eq. (4) into Eq. (3) leads to

1 2!dFn a - o(dAn )Vn  (5)
dFin a2 OAn)Vn

F. can be determined for each projectile's shape by integrating the1

component of dFln in the direction of motion over the surface of the pro-

jectile.

I ' I IU



As an example, for a cylindrical projectile with a flat end:

V n=, dF i ., and JA nA

iinS S

so that

1 2
F r pAV()

If the geometry of the projectile's nose is more complicated, then:
1 2

F. 1 KpAV 2  (7)

where K is a numerical constant depending on the geometry. Values of K

obtained by integration for some typical geometries are given in Table I:

TABLE I

Nose Shape K

Flat I

Sphere 1/2

Cone (semi apex angle c) sin 2

7he compressive foirce is distributed uniformly in the direction of

motion on the projectile's nose surface and can be expressed as F o A.c c

" I

d
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A is the ?rojected area of the projectile's nose on the target plate and

a is the ultimate compressive strength of the target plate at the appliedC

straining rate. The equation of motion for the first stage, Eq. (2), could

therefore be written as follows:

d dm dV 1 I 2
d-- I  -a.V L- - cA 1  (8)

where the projected area A includes the effect of possible flattening of

the projectile's nose. A1 is taken to be constant during stage I and is

measured by the entrance opening. In the actual physical process, A1 would

be a function of x since the projectile deforms with penetration distance.

This effect can be considered in an overall average manner to within the

level of accuracy of this analysis.

The inertial force Fi and compressive force Fc are considered to act

on the effective mass of the projectile which includes the target material

displaced by the projectile and moving with it (Fig. Ia). The problem of

physically locating the added mass with respect to the projectile is not

readily resolved since compressibility effects would have a large influence.

However, this determination is not required for the purpose of the present

analysis. It is important to note that the measure of the penetration

depth of the projectile, x, is that of the combined mass and not that of

the original projectile by itself. That is, the value of x is the distance

from the initial impact surface to the front of the target material that

is moving at the projectile velocity (Fig. la). The effective mass of the I
I
I



13 I;

combincd projectile for use in the equation of motion is therefore

m.,+A x whore m. is the original mass of the projectile.

The rate of change of the effective mass of the projectile would be

ddx i
r pA1 at PAV (9)

Substituting Eq. (9) and the relation

dV dV dx dV

into Eq. (8) leads to:

2 dV 1 2
pA V (moPAlx) V L r KpA_ - 1 (10)

Equation (10) can be solved by separation of variables to give

2 0 C ma/3A 2+K a - 1/2
\1 X 1 # .S ) m / pA . x r (l*O .5 K ) .( 1

where VI(x) is the velocity of the combined proj(ctile and added mass.

The time for the co;,bined projectile to penetrate a distance x can bo

calcuated by nunerical integratiin of the expression

-x V, c I dx (12)
p-.3K m.5K)
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The force-time curve for the first stage of penetration can be obtained

from Eqs. (8), 11) and (12). The first stage ends when xah-b (t-t1)

and the process of shearing starts. The value of the plug thickness b, which

is an essential factor for the dete,-mination of the various quantities at the

end of the first stage, can only be oDtalned empiiically at the present stare

of development of the analysis. It is shown in [IS] that the ratio b/h is

essentially constant for a given projectile and target material within the

range of ordnance velocities.

In the second stage of incipient plugging, the inertial force continues

to act on the projectile and can be expressed as

*i2 KQA 2V

where A2 is the cross sectional area of the cavity in the second stage.

This area can, in general, be considered a function of x, A2 = A2 (x), in

the force expressions and in the equations of motion. The experimental

results indicate that for most cases Al is clcse to A so that the complete

cavity can be conbiderea to be cylindrical. In some cases there is apprecia-

ble enlargement, i.e. the exit diameter is much larger than the entrance

diameter. Ihe diameter can then be considered to vary linearly with x from

Vl at Y-h-b to D3 at xuh to give a quadratic function for A2 (x). The

following development of the equations of motion will be restricted to constant
A2. In the subsequent comparisons with experiments, [15), A1 and A were

taken to be equal and the a~exage of the erterinag and exit areas. Check

studies taking A1 =A (x) and A2:.\,( x) showecd little difference in the final

ii-. .' -i i i ii i
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results.

-The shape constant K in the inertial force expression was set equal

to O.S for the second stage since for standard ordnance projectiles (not

W armour piercing) the projectile's nose deforms and tends towaid a spherical

shape. This result can be seen from ballistic photographs as well as from

the geometry of the ejected plugs and the deformed projectiles. This change

of K would imply an artificial discontinuity in the force. In practice, the

discontinuity is very small and not observed unless the time increments in

the computational procedure are taken to be very small.

The compressive force asc acts during the second stage of penetration

and its initial value would be F c=a cA 2 . The second stage ends when the mass

elcment at the rear side of the target plate moves at the same velocity of

the combined projectile and effective added mass, i.e. xuh, the plate thick-

ness. At that time the entire target material forward of the projectile

moves together with it at the same velocity. The force Fc therefore becomes

zero at the end of the second stage. A parabolic function for Fc2(x) that

meets the limiting conditions has been used in the analysis,

Fc2(x) oA 2 (i-[( )] 2 h-b 5 x < h (13)

The alternative choices of linear functions or similar forms that repre-

sent the limiting conditions were found to have small effect on the calcu-

lated residual velocities. It is interesting to note that Eq. (13) does i
lead to force-time curves which are very similar to those obtained in the

case of dynamic punching, e.g. Dowling, Harding and Camvbell (14].

_|
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The second stage of penetration is also characterized by a shearinj

force. This acts along the surface of that part of the plug which is

moving together with the projectile, i.e. along the surface iD2 [x-(h-b)]

where D2 is the diameter of the cavity in the second stage. The shear

force is then given by

FS2(x) - TD 2 [x-(h-b)] h-b x < h (14

The shear str:',gth of metals T has been found to have a viscous dependence

on strain rate at very high rates of straining, e.g. [Io], 117). The shear

strength can be taken to be in the Bzngham form

where p is the coefficient of viscosity and j- is the shear strain rate.

The latter can be taken as V/e where e is the radial transition distance

between the plup -nd the undeformed target material, i.e. the width of

the shear zone The quantity e is referred to as the "radial clearance"

in dynamic punching problems and it is essentially a property only of the

target material at high rates of deformation and can be readily obtained

experimentally. Analytical expressions for e can be deduced from the

results given in 1181 and [191.

The equation of motion for the second stage is the same as that

derihed for the earlier one with the change in the expression for the

compressive force (13) and the addition of the shearing force (14), (15).
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The equation then becomes, for the case of constant D and A2

L

2h () F 2  - KpA2V - (T04.L)-D 2 x-h-b)' - cA{ 1 (16)

_ where h-b < x < h. Substituting Eq. (9) into Eq. (16) leads to

dV2 (x) 2 -ITD 2  viD 2 (h-b)

(O.SK)OA V erTr XeV

(17): ,, D2h-b) OA 2 {I x-(hb) 2 (7

+ TD 2 (h-b) - aA 2 (1- h i ]+OA2X)VI

where m 1 u m.pA, (h-b) is the effective mass at the en of the first Stage.

The time t for the combined projectile and added mass to reach the rear

I surface of the target plate, i.e. x-h, is calculated by numerical integration

1of

xwh

t r .dx

x) h-b

V can be calculated numerically by a computer subroutine from Eq. (17).

II The force time curve can be obtained from Eqs. (16), (17) and (18).

The third stage co-mences when the entire section of target miterial

forward of the projectile moves together with it as a rigid body. The

effective mass is then m2-mo. Ph where A is the average cross sectional area

of the entire cavity. During stage 3 the only active force is that due to

the shear stresses acting over the surface of the plug. These shearing

stresses are considered to act in a shear zone of depth e around the plug.

. . .. . . . . .. .. .. .. . ,: =
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The displacement, 4, of the combined projectile and added mass system with

respect to the plate is therefore related to e by

-ye (19)

where y is the shear strain in the effected zone, The displacement for
material failure, &f, is reached at the maximum shear strain of the material,

, e. 4 f YfC, beyond which no further resisting forces act on the moving

system. The shear strain that was developed In the second stage is small and

could be neglected. The equation of motion for the third stage is therefore

CCI- - F_- -12 d " ( 0) l

dt' *

where Ap-l) 2b and V)2 is the average cavity diameter in the second stage.

Using Eq. (15) for T, Eq. (20) becomes

-L. &*.--L (21)
m e in

which can be readily solved for & and 4.

\2 Wm - -t) (22)
)J) -mp- t (23)

C2 -

a

jI
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whexe V2 is the velocity at the end of the second stage. The force during

this stage can therefore be expressed as

-A * * -A(. I .)exp ( -t)] (24)

The time duration of the third stage t 3 is determined by the time

-recuired for the displacement & to reach Ff, The corresponding velocity at

this time V3 is the final velocity of the projectile Vf. The force-time
rel,tions for this stage can then be determined from the preceding equations.

The total time for the peiforation process is the sum of those of the

three stages plus the time required for the plug to leave the target plate.

That is

b-E
t.

t a t + t + t 4 - f (25)
f 1 2 3 f

It is noted that this time would correspond to that of full ejection of

the plug. This would then be followed by ejection of fragments correspond-

ing to the effective mass added during stage 1 and then by the prcjectile

itself.

_.
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I
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Discussion

The preceding expressions enable the post perforation velocity, force-

time history, and contact time to be calculated for penetration processes

that include dishing, plug formation, and ductile cavity enlargement. The

relative importance of the mechanisms considered in the analysis would be

determined by the various physical, mechanical, and geometrical parameters

appearing in the equations. Of these, a few have to be determined empirically,

namely the entrance and exit hole diameters DI and D3 and the plug length

b. Values for the coefficient of viscosity 'w and the width of the shear zone

e can be obtained from the results of other investigations and modified to

suit the particular ballistic test conditions.

The geometrical measurements to be taken on experimental target plates

are D1 , D3 and b. Fairly good results can be obtained by simply setting

D2 a Davg a 1/2 (D1+D3) and setting A, W A2 for the area corresponding to

Davg. For cases where D3 >> D1 , it would be more exact to calculate AI on

the basis of DI, and to take D2 , which is the average diameter of the plug,

to be the linear average of !, md D3 over the plug distance b. A large

number of measurements on a variety of perforated plates [101, [15] has

shown that the ratios D /h, and b/h are essentially constant for a given
avg

target piate material and projectile over the range of velocities of inter-

est. This neans that those parameters could be obtained from relatively

few tests and then used in the equations to obtain results for other test

conditions.

S~== -=-~ - -~- -
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The viscosity of materIps at high shearing rates has been determinedI by various rapid loading experiments, e.g. [14], [161, and [17). These

results could be used for 1 in the analysis. The perforation process itself

is a rapid loading experiment so u could be considered an experimentally

determined material property within the framework of the analysis. That is,

V for a given plate material could be set so that the computed results would

best fit the test results. In practice, the values of V deduced from the

ballistic tests and those that had been obtained from more direct measurements

are generally in good agreement [15].

The width of the shear zone, e, could be obtained experimentally by

examination of etched specimens or can be deduced from the analyses of [18]

* •and 119,. Again both methods seemed to be in reasonable agreement. Either

could be used since the results are not sensitive to the exact value of e.

The dependence of the residual velocity on the properties of the pro-

jectile and target plate and on the test conditions appear to be in confor-

mity with general observations on projectile perforation. A typical set of

f, rce-time, velocity-time, and displacement-time diagrams obtained from the

analysis is shown in Fig. 2. This example was calculated for the case of a

0.22 inch caliber lead bullet perforating a 5.0 mm thick aluminum alloy plate.

The component forces throughout the three stages are shown in Fig. 3 for the

same case.

The absence of an initial rise time for the force is due to the neglect

of the shape of the nose of the projectile on the rise time of action of the

compressive and )nertial forces. Those forces are assumed to act immediately

on the full cross section. Consideration of this effect would have only a

isQ
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very small influence on the overall results. The decay of the total force

during the first stage is due to the decrease of the inertial force. The

shear force acting in the second and third stages is seen to be important

and dominant in the last part of the perforation process. A discontinuity

in the force (dotted lines in Figs. 2&3) would appear at the onset of the third

stage due to the removal of the inertial force. Force continuity could be

maintained Ty suitably changing the value of e, the width of the shear zone.

Detailed examination of ejected plugs has indicated that corresponding

changes in e do, in fact, take place during the ejection stage. The alter-

ation of e in the analysis to ensure force continuity therefore seems to

have a physical basis.

A coruparison of the predicted force-time relations with those obtained

in dynamic punching experiments, e.g. Fig. 4 from (14], shows reasonable

agreewent. In those curves, the time over which the force de~reases after

the first peak would correspond to stage 1, i.e. before the onset of p!ugging.

There are important differences between the force-time histories obtain-

ed from the present analysis and those obtained in till on the basis of an

assumed deceleration-time function of the projectile. In 1I] the force

tends to zero in the last part of the process while the present results

indicate that the final force is still close to its maximum value.

There are experimental indications that the force is large at the last

stage of perforation. This is the observation made in (11] and other bal-

listic experiments that the velocity drop i.e. the differenc between initial

and final velocities, diminishes for velocities slightly in excess of the

ballistic limit, e.g. Fig. 21 of fill. This result corresponds to the obser-
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vation that a projectilj that perforates a plate under conditions slightly

exceeding the ballistic limit, i.e. a higher initial velocity or thinner

target plate, would have a relatively high terminal velocity, e.g. about

20% of the initial value. The impulse associated with the end process of

perforation is therefore significant. This in turn implies that the force

acting during the end process is high which is in accordance with the results

shown in Figs. 2 and 3. Another consideration is that the time 4nterval for

the third stage, t3, is found to be sensitive near the ballistic limit, and

small increases in thickness or decreases of velocity would inc. ase t3 by

a relatively large amount. This effect and a large terminal force are the

apparent cause. of the observations on the velocity drop effect. The pre-

dictions of teimnal velocities based on the present analysis (151 do, in

fact, show that the velocity drop initially decreases with increasing initial

velocity as indicated in Fig. 21 of [11].

,,-,I
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Conclusions

The analysis of the ballistic perforation problem that has been

developed seem capable of predicting post perforation velocities, contact

times, and force-time histories. The analysis ralies on certain geometrical

parameters which must be determined empirically at this stage of development.

Certain material properties are not well established and could be determined

by extrapolation of other results or by experimental observations. Both

these and the empirical geometrical parameters could be obtained from a small

number of tests. Once these are determined for a given projectile and target

material, predictions can be obtained over a wide range of projectile velo- -- _

citics and target thicknesbes. Further development of the analysis would

be to determine the empirical factors by basic considerations.
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List of Captions

T ig. I - Schematics of the stages of the perforation process.

Fig.2 - alcuatedexample of displacement, velocity, and
frehistories for the three stages of perforation.

Fig. 3 - Force-time relation for each of the force__ _components for the three stages of perforation
(samne conditions as Fig. 2).

Fig. 4 - Loadi/Displacement curves for aluminum
(from Ref. [14]).
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